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Abstract 
 Dissolved concentrations of CO2 in a karst aquifer are a major control on calcite 
dissolutional processes, as CO2 combines chemically with water to form carbonic acid. As 
increasing amounts of CO2 are added to the system, greater resultant water aggressivity generates 
greater rates of dissolution. Spatial and temporal variations in carbon flux through the system 
may occur over a range of time scales, and high-resolution data collection is needed to truly 
understand and characterize such variability. Continuous CO2 monitoring in War Eagle Cavern, 
Arkansas, will suggest a number of influential parameters with varying degrees of importance 
throughout an annual cycle. Potential factors include: patterns of air flow reversals driven by 
seasonal temperature changes; precipitation and the effects of seasonality, rate, and antecedent 
conditions; and the release of CO2 through organic decay of guano deposits from a colony of 
approximately 75,000 to 100,000 gray bats (Myotis grisescens). 	 	
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 In karst aquifers, the concentration of carbon dioxide within the system is a primary 
control on the rate of limestone dissolution. As calcite, the predominant mineral in limestone, is 
exposed to carbonic acid in water, it dissolves to form calcium and bicarbonate ions (Dreybrodt, 
1996). Carbon dioxide produces carbonic acid when it dissolves in water, meaning that greater 
concentrations of CO2 lead to increased rates of calcite dissolution.  
CO2 varies spatially and temporally, though the controls on such variations are poorly 
documented, especially in regard to dissolved CO2 in karst aquifers (Groves and Meiman, 2005; 
Liu, 2007; Baldini, 2010; Junbing, 2013; Covington and Perne, 2015). An understanding of the 
factors that influence CO2 variations will in turn lead to better characterization of the cave-
forming processes by dissolution of cave walls to form larger passages or by precipitation of 
calcite to produce speleothems. While higher concentrations of CO2 lead to increasing rates of 
calcite dissolution and passage enlargement, decreases in CO2 concentrations along a flow path 
can result in speleothem development through calcite precipitation. Thus the relative importance 
of CO2 controls provides a basis for the characterization of karst formation processes and how 
such processes may vary over time and space. 
Respiration and organic decay within the soil (Baldini et al., 2010; Savoy et al., 2011) 
and vadose zone (Atkinson, 1977; Wood, 1985; Faimon et al., 2012) are major sources of CO2 in 
karst environments. However, organisms living within caves produce CO2 as well, and in some 
cases may provide a significant source that can influence dissolution rates within the cave 
(Lundberg and McFarlane, 2009). The relationship between organisms and their respective 
environments is important in understanding how certain niches may be affected by biology and 
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has been poorly detailed in respect to karst environments. Organisms not only adapt to their 
surroundings, but may also induce certain changes that allow adaption of the environment itself, 
either purposefully or simply as a byproduct of life (Dawkins, 2004). An understanding of this 
relationship lends insight into the relative importance of such influences in the formation of karst 
aquifers. 
Previous Work 
CO2 concentrations within karst aquifers are typically higher than in the surface air 
(Atkinson, 1977), indicating the presence of carbon dioxide sources within the subsurface that 
occur in the soil zone (Baldini et al., 2010; Savoy et al., 2011) or further into the unsaturated 
zone and epikarst (Atkinson, 1977; Wood, 1985; Faimon et al., 2012). Concentrations of CO2 in 
karst springs are subject to a variety of controls and relate both to the sources of CO2 and 
influences that exist within the system. A predominant source of carbon dioxide is in the vadose 
zone, as biochemical processes release CO2 through the decay of organic matter and microbial 
respiration.  
A number of previous studies have focused on the relative importance of a range of CO2 
sources in karst settings and possible variations resulting from such. A study by Atkinson (1977), 
which involved weekly sampling of springs in the Mendip Hills, England, found that soil air CO2 
concentrations were typically lower than concentrations in the springs, attributing this difference 
to an additional source within the deeper unsaturated zone. Measurements of drip water and 
pCO2 in fractures support this, and relative distributions of CO2 were found to increase with 
depth, suggesting decay of displaced organic matter in the unsaturated zone as a supplementary 
source (Atkinson, 1977).	CO2 produced in or near the vadose zone, likely the result of oxidation 
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of organic matter (Attkinson, 1977), can greatly surpass the amount produced in the soil zone, 
even when only minute amounts of organic carbon are present in the vadose zone (Wood, 1985; 
Mattey et al., 2016). 
In a more recent study of the seasonality of stalagmite deposition, soil air pCO2 was 
found to vary both seasonally and daily, directly influencing the rate of stalagmite growth. 
Generally, soil pCO2 was higher in summer, influenced by the seasonality of biochemical 
processes, though in cases where drip water chemistry was observed to change seasonally, rising 
summer temperatures in the soil zone caused an increase in soil pCO2. Cave air circulation 
generated by seasonal-scale microclimatic shifts was found to trigger high magnitude variations 
in CO2 concentrations of cave air, which reduce the rate of stalagmite deposition during low CO2 
periods (Baldini et al., 2008). 
 Calculations of pCO2 from continuous temperature, pH, and specific conductance (Liu, Z 
et al., 2007) reveal a pattern of yearly and diurnal CO2 cycles resulting from variations in root 
respiration rates at different time scales (Atkin et al., 2000). CO2 was found to reach maximum 
values in summer on a yearly scale and during daytime on a diurnal scale. Storm-scale variations 
were observed to occur in differing magnitudes and directions, influenced by seasonal CO2 
production rates (Liu, Z et al., 2007).  
 Cave geometry may affect the direction of airflow and may support patterns of reversals 
that result in ventilation of cave air, causing fluctuations of dissolution rates on an annual scale. 
In a study by Milanolo and Gabrošvek (2009), high-resolution, temporal CO2 data analyzed in 
conjunction with surface air and cave air temperatures show regime-specific fluxes of air 
controlled by microclimatic changes. High-magnitude variations in CO2 are observed as a result 
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of airflow changes, and low concentrations of CO2 are seen in correlation with surface air 
ventilation. In transitional periods, airflow-induced fluctuations in CO2 may be seen on a diurnal 
pattern (Milanolo and Gabrošvek, 2009).  
 Covington and Perne (2015) assert the importance of chimney effect airflow patterns and 
speculate such patterns exist commonly in caves above a certain relative size threshold. Chimney 
effect airflow requires multiple entrances at varying elevations. Temperature differences between 
cave and outside air result in localized density differences, driving pressure gradients that induce 
flow between upper and lower entrances (Wigley and Brown, 1976; Covington and Perne, 2015).  	
 Airflow directions and reversals can impact energy flux in the system (Badino, 2010). If 
the effect of airflow is strong enough, surface air ventilation through the lower entrance may 
cause CO2 levels to drop to a point that effectively shuts off active dissolution in a cave. If CO2 
concentrations become low enough, it is also possible that calcite precipitation may begin to 
occur. 
 Cave morphology may also influence CO2 dynamics as steepening of a stream may result 
in degassing of CO2 (Covington et al. 2013). Downstream decreases in CO2 directly influence 
incision rates downstream, producing a feedback mechanism that may act against the 
development of steep stream reaches (Covington et al., 2013).  
Caves that see relatively large volumes of human visitors, such as public show caves, 
may see anthropogenically-derived spikes in carbon dioxide. The 2009 study by Milanolo and 
Gabrošvek found a measured increase in CO2 immediately following the arrival of a moderately 
sized tour group. Tourists in Jenolan Caves, Australia, were found to cause a more than 2-fold 
increase in CO2 (Dragovich and Grose, 1990). CO2 generated from human visitors remained for 
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several hours following the departure of the group even in instances when the tour only occupied 
the cave room for a few minutes (Milanolo and Gabrošvek, 2009), and measured CO2 may not 
return to previous conditions until nightfall (Dragovich and Grose, 1990).  
 The relative importance of human cave visitors, however, may be impacted by other 
factors including the direction of airflow and the location of CO2 logging equipment in relation 
to the tour group. The tour group must be located upwind of the CO2 loggers in order to produce 
a measured rise in CO2.   
 Microbial activity and organic decomposition introduce carbon dioxide in the soil zone 
(Baldini et al., 2010; Savoy et al., 2011) and unsaturated zone (Atkinson, 1977; Wood, 1985; 
Faimon et al., 2012), but biologic sources within the cave may also release carbon dioxide 
through respiration. Many varieties of organisms inhabit cave systems and may impact CO2, 
possibly altering the cave as a byproduct of living, a process referred to as “niche changing” 
(Dawkins 2004; Lundberg and McFarlane, 2009).  
In their study of bell-holes in Jamaican caves, Lundberg and McFarlane (2009) found 
bell-holes in caves occupied by roosting bats grew more dramatic in height when compared to 
those in caves not colonized by bats. Due to increased temperatures given off as body heat from 
the bats, CO2 produced through bat respiration gathers at the ceiling, eventually dissolving 
limestone and resulting in exaggerated bell-hole growth (Lundberg and McFarlane, 2009).  
 Bats not only produce CO2 directly through respiration, but also indirectly as guano 
provides thriving microenvironments that break down organic matter, producing CO2 as a 
byproduct of decomposition. Sampling of bat guano in seven Romanian caves by Borda et al. 
(2014) revealed highly variable amounts of Escherichia coli, non-E. coli coliform bacteria, 
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chemoheterotrophic bacteria, as well as yeasts and molds. Isolates were dominantly found living 
in fresh guano, on the order of weeks to months (Borda et al., 2014). Older samples saw a 
depletion in number of collected microorganisms, and one study demonstrated an approximate 
100-fold to 150-fold decrease of fungi and bacteria in underlying layers of guano as compared to 
fresh deposits (Borda et al., 2014).  
Indirect and direct biologic sources of CO2 are of particular interest in this study, and it is 
plausible that bat colonies of substantial size may introduce enough CO2 to significantly 
influence the amount of dissolution actively occurring within the cave environment.	
 Ecologic studies of energy input in caves find that input of bat guano in subterranean 
streams is important in the transfer of organic carbon to the cave food web (Graening and 
Brown, 2003; Simon et al., 2007).  Guano may be particularly important because it is a source of 
energy in an environment that is otherwise quite nutrient-limited, because caves are 
photosynthetic-inhibited habitats (Simon et. al., 2007). Thus introduction of bat guano in caves 
provides a significant energy source with which rests a foundational food web, allowing for the 
existence of CO2 –producing organisms. 
Goals 
 The goal of this study is to characterize variations of CO2 within a karst system and 
explore the relative importance of potential controls of that variability. Of particular interest is 
whether bat colonies can introduce enough CO2 to significantly influence rates of dissolution in a 
cave.  
 Though a number of studies have focused on carbon dioxide dynamics within karst 
systems (Atkinson, 1997; Milanolo and Gabrošvek, 2009; Covington et al., 2013; Baldini et al., 
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2010; Liu et al., 2014;), few truly high-resolution temporal studies have been conducted (Baldini 
et al., 2010) and studies of dissolved CO2 at high resolution have been lacking. Many previous 
studies have instead relied on weekly (Atkinson, 1977) or storm-surge sampling and analysis 
(Vesper, 2004). Previous work suggests high-magnitude shifts in seasonal and diurnal pCO2 
(Baldini et al., 2010), thus continuous temporal data collection will be particularly useful in 
characterizing such variations.	
 Furthermore, this study is unique in relating the influence of colonizing bat species to 
speleogenetic processes. Lundberg and McFarlane (2009) presented interesting results regarding 
microclimatic changes and subsequent formational impacts resulting from bat metabolism 
(McNab, 1974; Lundberg and McFarlane, 2009); however studies of the effect of bat guano on 
CO2 dynamics in such settings have been few. 




 In order to visualize temporal CO2 variations, continuous data monitoring was conducted 
in War Eagle Cavern for a period of a year from November 2014 to November 2015. Time series 
data collected include: CO2 concentrations in the cave air and water, temperature of cave air and 
surface air, air and water pressure inside the cave, and conductivity in the cave stream. 
 CO2 was logged in parts per million (ppm) in both the cave air and water using two 
Vaisala infrared gas CO2 sensors connected to an Arduino, which output CO2 measurements in 
45-minute increments. Dissolved CO2 was measured by encasing an infrared CO2 sensor in a 
waterproof-breathable (PTFE) membrane (Johnson et al., 2010). 
The CO2 logger, powered by a 12-volt battery, turns on after thirty minutes of inactivity, 
requiring fifteen minutes for warm-up, and logs an average CO2 measurement in the last few 
operational minutes. Field visits to the cave were required every three weeks to replace the 
battery. 
The CO2 sensors were located at the end of the paved trail, immediately before a near-90-
degree turn, where an existing pile of bat guano indicates a possible summer roosting location. 
The stream reach in this point localizes flow into a pool, and the water CO2 sensor was located 
on the upstream end of the pool. The air CO2 sensor was positioned after the end of the trail, 
hidden from sight.	
 Initially, both the air and water Vaisala CO2 sensors were 0-5000 ppm range sensors. In 
mid-spring, upon anticipation of increasing dissolved CO2 during summer, the sensor in the 
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water was exchanged for a 10% CO2 sensor, and output dissolved CO2 measurements were 
converted in post-processing. 
 Temperature was logged in 5-minute increments using Onset HOBO pendant loggers in 
three locations inside the cave at increasing distances from the mouth and one location outside 
the cave. Loggers were located within a few feet the paved trail in locations meant to minimize 
visibility to tour groups. 
 Air and water pressure were collected in 5-minute increments using Onset HOBO 
loggers. Loggers were located downstream of the CO2 sensors, closer to the cave mouth. To 
obtain water depth from the pressure loggers, air pressure was subtracted from water pressure 
and resultant values were placed in the equation: 
 h= pρg ,    (Eq. 1) 
where h is height of the water column in meters, p is the pressure difference between water and 
air in Pa, ρ is the density of water (1,000 kg/m3), and g is the acceleration of gravity (9.81 m/s2). 
 Conductivity in the cave stream was logged at 5-minute intervals using an Onset HOBO 
conductivity logger, placed in the same location as the water pressure monitor. 
 Since no weather recording station is located within the immediate proximity of War 
Eagle, precipitation data were obtained for locations both to the north and south of the study site. 
This allows us to compare precipitation on both the northern and southern ends of storm fronts 
and give us a rough estimate for storm occurrences near War Eagle Cavern. Precipitation time-
series data were obtained from a database of Archived Climate Pages from the National Oceanic 











comparison. F6 data were downloaded for the Drake Field, Fayetteville, Arkansas station,
located approximately 25 miles southwest of War Eagle Cavern, and NCDC data were
downloaded for the Eureka Springs station, located about 12 miles to the northeast. Precipitation
is recorded in daily values.




 In order to maintain integrity of the time-series data, a number of quality control 
measures were performed at each field visit, which occurred approximately every three weeks 
from November 2014 to November 2015. Spot measurements were recorded during each field 
visit and compared to logged time-series data for accuracy. 
 Spot measurements of CO2 in both the air and water were taken at the location of the CO2 
loggers using a Vaisala CO2 sensor. Temperature and wind velocity measurements were 
recorded at each of the four temperature monitor locations. Spot conductivity and pH values 
were measured both at the location of the water CO2 sensor (upstream) and the conductivity and 
water pressure loggers (downstream). Water depth was also measured at the exact location of the 
water pressure monitor during each visit. 
Interpreting Airflow from Temperature 
Given that airflow is driven by temperature differences between surface air and cave air, 
the direction of airflow at any given time can be determined by examining plots of temperature 
data. Figure 3 depicts temperatures during three different time periods – winter, when cave air 
temperatures generally remain higher than surface air temperatures; summer, when cave air 
temperatures are consistently lower than surface air temperatures; and a period of seasonal 
transition, when surface air temperatures rise above cave temperatures during the day, but fall 
below at night. Furthermore, relatively stable cave air temperatures indicate the direction of air is 
blowing out the lower entrance, while distinct variations in cave air temperatures occur during 
cold periods when outside air is directly entering the cave entrance near the loggers. 
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Because direction of airflow is controlled by temperature and density differences between 
cave and surface air, instances where surface temperatures are greater than cave temperatures 
result in air flowing first through the epikarst and into the cave through small upper entrances 
and then out the main entrance at a lower elevation. When surface temperatures are lower than 
cave temperatures, air flows from the surface into the main cave entrance and out through the 
small upper entrances. This airflow mechanism is referred to as chimney effect airflow (Wigley 
and Brown, 1976; Covington and Perne, 2015). 
Calculating Discharge  
 To determine a stream discharge value during low flow for use in later calculations, a salt 
trace was performed using the sudden-injection method as described in the Measurement of 
discharge by tracer dilution manual from the U.S. Geological Survey (Rantz et al., 1982), where 
the following equation was used to calculate discharge: 
    Q = V1C1C-Cb dt∞0
   (Eq. 2)   
where Q is discharge, V1 is the volume of injected tracer solution, C1 is the concentration of 
injected tracer solution, and Cb is the measured background concentration (Rantz et al., 1982). 
Volume Flux of Air 
 To estimate the total volume flux of carbon dioxide out of the cave, a cross sectional area 
for the conduit was calculated using the height and diameter of the cave at the point of the 
innermost temperature monitor location. Spot wind velocity measurements from field visits were 
multiplied by the resultant cross-sectional area and measured CO2 concentrations to approximate 
volume flux of gaseous CO2 out of the cave by the equation: 
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QCO2 = vA [CO2 ]a   (Eq. 3)    
where QCO2 is the volume flux of CO2 in the air (cm3/hr), v is measured wind velocity in cm/hr, 
A is the cross sectional cave area, and [CO2]a is the partial pressure of CO2 in the air in atm.	
These values were then compared with approximations of bat respiration rates for 75,000 
bats. Since basal metabolic rates (BMR) of Myotis grisescens have been poorly documented, 
measured BMR of Myotis lucifugus, the more common and well-studied little brown bat, similar 
to the gray bat and of the same genus, will be used in estimating average output CO2 (Hock, 
1951). 
Mass Flux of dissolved CO2 
 Flux of CO2 in the water was estimated using Henry’s Law to calculate dissolved CO2 
concentration from logged water CO2 values using the equation: 
[CO2]w = P/KH,   (Eq. 4)    
where [CO2]w is concentration of CO2 in mol/L, P is measured CO2 partial pressure in atm, and 
KH is Henry’s Law constant for CO2 at 298.15 K (29.41 atm/M). Output values were converted 
from molarity to grams per liter. Grams of CO2 per time were calculated per the equation: 
QCO2 = Qstream [CO2]w MCO2,    (Eq. 5)    
where QCO2 is mass flux of CO2 in the water (g/hr), Qstream is stream discharge in L/hr, [CO2]w is 
concentration of CO2 in mol/L, and MCO2 is the molar mass of CO2 in g/mol (44.01 g/mol). 
Given that only one calculation of discharge was used and may not accurately represent flow 
through all seasons, results in calculated values of CO2 flux are likely too high or low at certain 
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times, but it will give us a basis with which to compare approximations of CO2 produced from 
bat guano. 	
Site Description 
War Eagle Cavern 
 The primary field site for this study is War Eagle Cavern, located in the Ozark Mountains 
of Arkansas. A perennial stream, recharged through the Mississippian Boone Formation, 
emerges from the back of the mapped portion of the cave and flows out the entrance directly into 
Beaver Lake. 
 As indicated by an annual evaluation of temperature in which periods of more distinct 
variation in cave temperatures occur as surface temperatures drop below cave temperatures 
(Figure 3), geometry of War Eagle Cavern is supportive of chimney-effect airflow. The cave is 
characterized by one large, main entrance and many fractures or smaller conduits that extend 
back to the surface at higher elevations. Localized pressure gradients caused by density 
differences establish patterns of airflow and ventilation that occur with surface temperature 
changes. 
 War Eagle Cavern is a show cave, with an operating season that runs from mid-March to 
November and remains closed to the public through winter. During the operating season, the trail 
is open seven days a week from mid-morning to early evening, with varying-sized tour groups 
departing at a maximum frequency of every twenty minutes. The cave sees a particularly large 




Figure 2: Entrance of War Eagle Cavern (Holcomb, Ginny, 2015).
A. Trail leading to the entrance of War Eagle Cavern.
B. Rounding the trail into the entrance of the cave.
C. View exiting the cave. A stream flows out the entrance, pooling near the trail as it flows
into Beaver Lake.
The cave supports a maternity colony of an estimated 75,000 to 100,000 gray bats
(Myotis grisescens), which return to the cave following hibernation and delayed-fertilization
around mid-spring (Elder and Gunier, 1978). Females typically bear offspring in May or June,
and young bats are generally capable of flight after two months (Tuttle, 1976). After a weaning
period, dispersal between additional colonies arises as the young begin to mix shortly before




 Similar to War Eagle Cavern, Blowing Springs Cave is located within the Ozark 
Mountains of Arkansas, has a sizable stream, exhibits chimney-effect airflow, and is recharged 
through the Mississippian Boone Formation. The major difference with respect to War Eagle is 
that Blowing Springs does not sustain any colonizing species of bat, thus allowing it to be used 
as a control in this study. Anthropogenic CO2 sources are also largely absent in Blowing Springs, 
as the cave is closed to the public. However, at both sites, effects of CO2 from human visitors are 
expected to be minimal. CO2 sensors in War Eagle are located at the end of the public trail, thus 
in order to detect CO2 derived from tour groups, air must flow from the direction of the tour 
toward the sensors, a case that occurs with rarity throughout the operating hours and season of 
the cave.  
 










































































Seasonal Temperature Patterns in War Eagle Cavern
RESULTS
CO2 concentrations in both the air and water vary over an order of magnitude between
winter and summer. Minimum CO2 concentrations are observed in winter, and CO2 peaks in July.
During seasonal transitions, CO2 follows a diurnal pattern, with higher concentrations in the day
and lower concentrations at night (Figure 4).

























































































































































































































































































































































































































































 As interpreted by variations in temperature, airflow reversals occur as surface 
temperature becomes cooler and warmer in relation to cave air (Figures 3 and 4). Figure 3 shows 
temperatures inside and outside of the cave through three seasons: winter, when highly varied 
temperature differences in the cave indicate air moving into the cave from the lower entrance; 
spring, a transitional season where diurnal patterns of airflow reversals form, as indicated by 
surface air temperature warming above cave air in the day and dropping below at night, resulting 
in more varied cave air temperatures at night and more stable patterns in the daytime hours; and 
summer, when temperatures inside the cave level off and remain relatively stable, indicating 
airflow blowing out of the cave. Periods of greater variation in cave air temperature at the 
loggers indicate periods of airflow into the lower entrance of the cave. During seasonal 
transition, diurnal airflow reversals occur as surface temperatures begin to increase during the 
day but fall at night. 
 Figure 4 shows the entire record of CO2, surface air temperature, and cave air 
temperature in War Eagle cavern, coupled with precipitation data from Drake Field and Eureka 
Springs. 
 A record of field measurements is shown in Tables 1 and 2. Table one contains CO2 data, 
water chemistry spot measurements for both the upstream and downstream locations, and 
measured stream depth. Spot temperature and wind velocity measurements are displayed in 
Table 2, with each measured at the location of named temperature loggers, where T3 is the 
innermost location, T1 is located closest to the cave entrance, and T Outside indicates surface air 





















































































































































































































































































































































 Records of water level, water temperature, and conductivity for the duration of the study 
are shown in Figure 5. All major stage increases can be seen, with most occurring in the spring 
season. Unfortunately, a period of low flow in mid-August resulted in stream depths that fell 
below the installed conductivity and water pressure loggers, leading to exceedingly low logged 
values removed in post-processing. 
CO2 in the water reaches a maximum of just over 12,000 ppm in mid-summer, at which 
point a strong diurnal pattern of two peaks per day emerges in dissolved CO2. This pattern 
appears only from approximately mid-June to mid-July (Figures 4 and 6), though a smaller 
magnitude pattern of diurnal variations in both the air and water does occur in the following and 
preceding months (Figure 7). 
CO2 maximums and strong diurnal patterns are shown in Figure 6, and the period of 
greatest approximate bat activity in War Eagle is indicated by dotted lines. This period was 
inferred by field visits and the strength of ammonia smell during each trip. Since the strongest 
smell was observed during the June 26 site visit, the point of greatest activity is assumed to occur 
sometime between the previous and following visits. 
A pattern of smaller diurnal patterns preceding these strong patterns is shown in Figure 7. 
With the exception of the mid-June to mid-July period, these small diurnal peaks appear through 
most of the summer months.  
Water Level November 2014 - November 2015
Water Temperature November 2014 - November 2015




















































































































































































































Figure 8: Air Crossovers in CO2 Concentration in War Eagle Cavern, March 2015
28
29 
Dissolved carbon dioxide in the cave stream is generally greater than carbon dioxide in 
the air. Air CO2 only surpasses water CO2 a few times in this study, and such crossovers were 
only observed in War Eagle Cavern in the spring. Figure 8 depicts the early spring period in 
which these crossovers appeared, plotted with temperature differences in the cave and surface air 
to indicate airflow direction. CO2 events shaded red indicate periods when air CO2 reaches 
higher concentrations than water CO2. 
Hydrographs of conductivity and water level are shown for all storm events throughout 
the study duration, and are plotted with CO2 in both cave air and water for comparison (Figures 
9–16).  	
A short peak in conductivity occurs with an increase in water level following most 
observed precipitation events, followed by substantial decreases (Figures 9, 10, 12-15), though at 
least one event in March shows no conductivity increase (Figure 11). The magnitude of 
conductivity changes varies between hydrographs.  
Aquifer CO2 following these events initially dips in varying magnitudes and rates in the 
February, March, and July 7 events, followed by a gradual increase (Figures 10, 11, 12 and 15). 
However, several events in May appear to have a minimal impact (Figure 13) on CO2 and a July 
9-10 instance sees a tiny spike in CO2 with no initial drop (Figure 15). Resultant variations in 
CO2 from water level increases do not appear to be uniform across seasons, and different 
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Figure 18: Water CO2 vs. Air CO2, June 4 – July 6, 2015: Regime one (dark green) depicts the
period of June 4 to June 23, 2015. Regime one is characterized by small diurnal patterns
occurring in both air and water CO2. Regime two (light green) depicts June 25 to July 6, 2015.
Regime two is characterized by large diurnal patterns shown in Figure 6 that appear only in
dissolved CO2.
Air CO2 is plotted against Water CO2 in Figure 18, depicting a relationship between the
two, which is divided into two regimes based on time and patterns of diurnal variations in CO2 as
observed in Figures 6 and 7. Regime one is the time period of June 4 to June 25, which is
characterized by the smaller diurnal peaks. Regime two falls between June 25 and July 6, the
only period where the strong diurnal patterns exist and where water CO2 reaches its maximum
point.
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Figure 19: Air CO2 vs. Water CO2, Regime 1, June 10 - 11, 2015. Red indicates beginning point
in time, direction of time indicated by dotted line.
Figure 18 shows us a changing temporal relationship, and the correlation between air and
water CO2 appears more linear in regime one. The relationship during regime two appears to
have more scatter. To better understand the time delay between air and water CO2 during both
regimes, 24-to-72-hour periods are plotted in Figures 19 – 23. Direction of time is indicated by a
dotted line, with the starting time point shown in red.
Correlation between air and water CO2 appear fairly linear during regime one, with a
slight clockwise hysteresis (Figure 19). Regime two appears to begin transitioning from a
clockwise temporal delay between gaseous and dissolved CO2 to a counter-clockwise hysteresis
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Figure 21: Air CO2 vs. Water CO2, Regime 2, July 3 - 4, 2015. Red indicates beginning point in
time, direction of time indicated by dotted line.
Figure 20: Air CO2 vs. Water CO2, Regime 1, June 23 - 25, 2015. Red indicates beginning point
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Figure 23: Air CO2 vs. Water CO2, Regime 1, July 11 - 13, 2015. Red indicates beginning point
in time, direction of time indicated by dotted line.
Figure 22: Air CO2 vs. Water CO2, Regime 2, July 5 - 6, 2015. Red indicates beginning point in
time, direction of time indicated by dotted line.
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Figure 24: Dissolved CO2 vs. Cave Air Temperature, November 2014 – November 2015
Plots of cave air temperature versus dissolved CO2 (Figure 24) and gaseous CO2 (Figure
25) help determine the influence of chimney-effect airflow. Periods of airflow movement can be
observed in accordance to temperature, where colder periods indicate air entering the cave
through the lower entrance, and warmer periods indicate the reverse.
Plotting air temperature inside the cave against water temperature depicts how chimney-
effect airflow impacts water temperature in the cave (Figure 26). Here we observe a fairly linear
trend, indicating an influence on water temperature as chimney-effect causes lower cave air
temperatures during cooler seasons, and higher air temperatures in warmer seasons.
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Figure 25: Air CO2 vs. Temperature, November 2014 – November 2015
Figure 26: Air Temperature vs. Water Temperature
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We can further analyze influences of chimney-effect by examining airflow velocities and
CO2 through the record. Figures 27-31 use temperature differences between surface and cave air
to approximate airflow velocity. Here the square root of the absolute value of temperature
difference is a proxy for flow velocity, and the sign of the temperature difference indicates
airflow direction (Luetscher and Jeannin, 2004), where negative values represent airflow into the
lower entrance and positive values signify airflow out the lower entrance.
Square Root Tdiff * Sign(Tdiff)

















Figure 27: Square Root of Temperature Difference as a Proxy for Airflow Velocity vs. CO2
November 2014 – November 2015
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A comparison of airflow velocity during regimes 1 (Figures 30 and 31) and 2 (Figues 28
and 19) will help us determine if there is any correlation between airflow and CO2 relating to
these peaks. Date ranges for Figures 30 and 31 were chosen specifically to avoind storm events
during regime 1. Little to no relationship is observed between airflow and CO2 in both regimes.
Figure 28: Square Root of Temperature Difference as a Proxy for Airflow Velocity vs. Air CO2,
Regime 2, June 26 – July 7, 2015
Square Root Tdiff * Sign(Tdiff)
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To estimate stream discharge, a sudden-injection salt trace was performed in May 2016.
Resultant concentration time curves for two different masses of tracer are observed in Figures 32
and 33, and calculated discharge values (Eq. 2) are shown in Table 3. Stage at the time of the salt
trace was observed to be during approximate low flow conditions. Stream depth at the site of the
trace was measured at about 10 centimeters, though it is important to note that the trace was not
conducted in the same reach as logged water pressure, which was used to determine stream
depth for the study record.
Figure 29: Square Root of Temperature Difference as a Proxy for Airflow Velocity vs. Dissolved
CO2, Regime 2, June 26 – July 7, 2015













































Figure 31: Square Root of Temperature Difference as a Proxy for Airflow Velocity vs. Dissolved
CO2, Regime 1, June 4 – 16, 2015
Square Root Tdiff * Sign(Tdiff)



























Figure 30: Square Root of Temperature Difference as a Proxy for Airflow Velocity vs. Air CO2,
Regime 1, June 4 –16, 2015
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Figure 32: Concentration Time Curve, Sudden Injection Trace 1: 21.6 g Tracer Mass
Date Tracer Mass (g) Discharge (L/s) Stream Depth (cm)
5/27/16 21.6 11.2 10.0
5/27/16 32.0 12.6 10.0
Table 3: Discharge Calculation from Salt Trace
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 For comparison, plots of CO2 in War Eagle Cavern and Blowing Springs Cavern are 
shown in Figures 34 and 35. Figure 35 depicts summer CO2 values, centered on the period of 
large diurnal patterns (regime 2) seen in War Eagle Cavern. Unfortunately, data for Blowing 
Springs cuts out at the time of the War Eagle CO2 peak, but we do have overlapping data for a 
few days during this period. Dissolved CO2 during this time is significantly higher in War Eagle, 
while air CO2 remains comparable and follows nearly mirrored patterns in both caves, though air 
CO2 in War Eagle is slightly lower than in Blowing Springs. 
 November concentrations of CO2 for both caves are plotted in Figure 34. Here we see 
that air CO2 still remains comparable, with slightly lower values in War Eagle. Dissolved CO2, 
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 Yearly trends in CO2 show significant seasonal variations, with CO2 values in summer 
reaching an order of magnitude above winter values. CO2 concentrations reach minimum values 
when surface air is drawn in the lower entrance (Figure 4).  
Chimney-effect airflow is likely one of the more common patterns observed in caves. 
Changes in surface air temperatures result in air density differences that establish flow direction 
at the points where cave and surface air meet.	
 During winter, cooler surface air is denser than cave air. Pressure gradients that result 
from this density contrast push warm cave air from lower to upper entrances. Because CO2 
concentrations in surface air are naturally lower than cave air, when surface air is ventilated 
through the cave as a result of these temperature differences, a pattern of lower CO2 in the cave 
emerges. Since airflow moves directly into the cave from the surface instead of first flowing 
through the soil and vadose zone, sources of CO2 in the soil are cut off from the cave, allowing 
surface air ventilation to become a major control of cave air CO2. 
 As surface air temperatures rise above cave air temperatures in the warmer seasons, 
airflow direction reverses, flowing first through the higher CO2 zones of the soil and epikarst, 
and into the higher-elevation cave entrances. Air circulates from this point to the mouth of the 
cave, allowing cooler, denser cave air to flow out. Greater concentrations of CO2 are sourced into 
the cave as air flows through the vadose zone, and the influence of organic matter decay within 
the soil or karst system increase in importance.  
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Concentrations of CO2 in War Eagle through the winter period remain consistently low, 
and variations are minimal in comparison to the rest of the year. Because wintertime CO2 in the 
surface air is comparatively constant through the season, resultant CO2 in the cave likewise 
remains steady as few additional sources exhibit influence during this period.  
Concentrations of CO2 vary from winter to summer by an order of magnitude, indicating 
that airflow direction and surface air ventilation play a dominant role in controlling CO2 
concentrations. Furthermore, temperatures in the cave decrease within a range of a few degrees 
as winter surface air infiltrates the cave (Figure 4), further supporting chimney-effect airflow and 
surface air ventilation as a root cause for variability in seasonal cave CO2.  
 Transitional seasons show air-driven spikes and dips in CO2 that correlate with surface 
air rising above cave air temperature in the day, but falling below at night (Figures 3 and 4). 
Beginning approximately mid-March, CO2 peaks begin appearing first in air CO2 as airflow 
direction reverses and surface ventilation is shut off from the cave, allowing air from the soil 
zone to flow through the cave. CO2 in the water peaks within three to four hours (Figure 8) 
following air CO2 peaks as the rates of CO2 degassing from the water to the air decrease with 
increased air concentrations. 
 A majority of these spring carbon dioxide peaks see a correlated, preceding increase in 
surface air temperature during the daytime hours. Air CO2 spikes following the temperature 
increase are succeeded by water CO2 peaks slightly thereafter (Figure 4). As surface air 
temperatures decrease into the evening and night, eventually falling below cave air temperatures, 
CO2 in both the air and water see a significant decrease. This indicates that chimney-effect 
airflow throughout seasonal transition results in a diurnal pattern of reversing directions 
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corresponding to changes in surface air temperature. CO2 values through transitional seasons are 
highly varied as a result of these airflow reversals that occur on a diurnal timescale. 
Corresponding peaks in cave air temperature, though by only a few degrees, occur in conjunction 
with peaks in surface air temperature, indicating airflow directional changes are occurring. 	
 As surface air temperatures increase for the duration of the summer months, airflow 
patterns stabilize as surface air temperatures become consistently greater than cave air 
temperatures through both day and night.  
Figures 24 and 25 depict constant low values of CO2 over a range of the lowest cave air 
temperatures (about 6° to 11°C). As temperature increases, CO2 in both air and water likewise 
increase and show slightly greater scatter, indicating possible influence from other factors once 
temperature reaches a certain threshold. This is consistent with what we would expect in 
chimney-effect patterns, and we can interpret low CO2 concentrations associated with low 
temperatures as periods of air movement through the lower cave entrance. Rising temperatures 
and correlated increases in CO2 can likewise be interpreted as air moving in the reverse direction, 
out through the lower entrance. 
Figure 27 compares an airflow velocity proxy with CO2. Low CO2 is observed over 
varying airflow velocities in the negative direction of air movement. Velocities in the positive 
direction of movement are correlated with increasing CO2. This depicts a clear relationship of 
airflow driven variations of CO2 due to chimney-effect patterns. 
Organic Decay CO2 patterns 
Rates of biochemical processes in the vadose zone vary seasonally, as organic decay and 
microbial activity peak through the course of the warmer growing period. During winter, these 
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processes slow, reaching a period of dormancy as temperatures and daylight hours decrease, 
causing organic decay to reach a minimum (Atkin et al., 2000; Liu, Z et al., 2007). However, 
little effect from this is observed in War Eagle Cavern, as throughout the majority of the winter 
season, direction of airflow dominates as a CO2 control. 
Precipitation 
 Large storm events can cause either an increase or decrease in CO2 in the cave stream as 
rainwater from the surface percolates through the vadose zone and mixes with the aquifer, 
though the exact degree of importance and direction of change is unclear. It is likely this is 
complicated by a number of factors, such as the relative speed at which water percolates through 
the epikarst, the amount of precipitation received over a period of time; the season of the event; 
and the relative concentrations of CO2 in the aquifer and inflowing rainwater (Junbing, 2013). 
 Percolation rate through the vadose zone is important as it influences the amount of CO2 
storm water is able to absorb as it moves into the cave. The dominant control for this rate is the 
size and intensity of the storm event, where a large volume of water received in a short time 
period results in an increased percolation rate. Inflowing water will therefore not absorb high 
quantities of CO2 before reaching the aquifer. On the other hand, if the same volume of water is 
received over a longer time period, percolation rate will be relatively lower, thus allowing 
rainwater moving through the vadose zone to absorb greater amounts of CO2 before reaching the 
aquifer. Event magnitude may also influence the distribution of flow among available paths, and 
greater-magnitude events may drive patterns of faster flow through preferred paths, meaning 
inflowing water has less time to absorb CO2 before reaching the aquifer (Junbing, 2013). 
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Therefore when the cave stream water depth swells gradually, spikes in CO2 may be expected, 
and if the cave stream depth rises quickly, drops in CO2 may be observed. 
 However, as discussed earlier, the amount of CO2 produced in the vadose zone varies by 
season. Therefore it might be expected that the season of storm events may also impact the effect 
of storm water on CO2 dynamics (Junbing, 2013). If a gradual rain event occurs during the 
winter dormant-season, less CO2 is present in the vadose zone, meaning spikes in CO2 may not 
occur. This, too, is complicated by the frequency in which such events occur. If no significant 
rain event has occurred recently, there may be more CO2 to flush through the vadose zone and 
cause a rise in aquifer CO2. 
 Contrasting conditions may occur during the summer growing season when carbon 
dioxide in the vadose zone is more concentrated. A slow-occurring event will percolate at a 
slower rate, allowing the absorption of greater amounts of dissolved CO2 before reaching the 
aquifer. A quicker, high-magnitude event will flush through the vadose zone with a higher 
relative speed, absorbing less CO2 before it flows into the aquifer. However, as the event tapers 
off, percolation rate slows through the epikarst, and an increase in CO2 may occur following an 
initial drop. 
 In War Eagle Cavern, effects of precipitation appear to be complicated by seasonality, 
rate, magnitude, and relative carbon dioxide concentration within the system and inflowing 
stormwater. A longer record of precipitation events is required to better characterize such effects. 
Though all major storm surges that result in a visible recorded water level peak are presented 
here (Figures 9-16), no clear explanations can be drawn due to a lack of multiple events 
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occurring within similar antecedent conditions. We may, however, make the following 
observations. 
 A steep initial decrease in CO2 occurs following the February 21, March 4, and July 7 
events (Figures 10, 11, and 15). The February 21 and March 4 are winter events, and both result 
in comparable decreases in CO2. With the exception of July 7, the following spring and summer 
events do not display a corresponding initial CO2 dip. This could indicate the seasonal effect of 
soil temperature on the amount of CO2 produced through biochemical processes. 
The early March event occurs as snowmelt slowly penetrates through the vadose zone. 
However, percolation rate appears to have little impact, indicating minimal CO2 in the soil zone, 
possibly due to winter dormancy and marginal organic decomposition rates in the soil. Because 
another event preceded the early March snowmelt, CO2 in the vadose zone may have been 
flushed out of the system, and inactivity in microbial soil processes led to low volume yields of 
carbon dioxide. 
 Higher pCO2 in the days following precipitation appears to occur commonly, as this 
effect is demonstrated after the February 21, March 4 and 10, June 17 and 19, and slightly 
following July 9 events (Figures 10, 11, 14, and 15). This may indicate an increase in soil 
moisture in the aftermath of the precipitation, which can influence rates of CO2 degassing into 
the aquifer (Vaughn, 2015). Under such conditions, subsurface moisture in void spaces may act 
to catch CO2, resulting in gradual increases of pCO2 in the aquifer. 
 A high-magnitude summer rain event in mid-July resulted in a steep drop in aquifer pCO2 
(Figure 15). Given that this was the strongest recorded event of the study, this may signify a 
faster percolation rate. However, in the time directly preceding the storm, dissolved CO2 in the 
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aquifer was at a maximum point of the entire study, around 12,000 ppm. Therefore, unless CO2 
in the soil zone was equally as high at this time, a decrease in CO2 would be expected in any case 
due to mixing of the infiltrating rainwater, regardless of percolation rate.  
CO2 concentrations following the July 7-9 events never recover to levels they were 
before the water level rise (Figure 15). A possible reason for this is that heavy flow resulted in 
scouring of accumulated guano, transporting the deposits out of the cave. Because measured 
biomass in guano decreases in older, underlying deposits (Borda et al., 2014), an observed 
decrease in organically derived CO2 would be expected following the loss of the overlying, fresh 
guano. 
Anthropogenic CO2 
 Studies by Dragovich and Grose (1990) and Milanolo and Gabrošvek (2009) found that 
sufficiently sized tour groups cause a spike in CO2 that may remain for several hours following 
departure of the group. However, placement of CO2 loggers in relation to airflow direction and 
tour group location may impact the effect seen from humans. At the study site, since the sensor is 
located further inside the cave than most tour groups travel, it is more likely to observe such a 
spike at times when surface air is drawn in through the lower opening of the cave, moving in the 
direction from the tour group toward the CO2 loggers. This airflow pattern is only observed 
during periods of cool surface temperature. Since the cavern is closed to the public during the 
winter season, airflow for the majority of the operating season is in the opposite direction. 
Therefore it would be only possible to see such spikes in air CO2 during colder days, which 
generally occur through mid-spring and fall.  
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 The number of visitors to the cave fluctuates daily and even hourly, with particularly 
large groups visiting the cave during weekdays when school groups visit the cave on field trips. 
Typically these groups range in size from approximately 75 to 150 individuals and may occur as 
often as every weekday during the spring and fall school year. No obvious input of CO2 from 
tour groups is detected in War Eagle. Though there are a number of air-driven CO2 peaks, these 
all seem to follow patterns of relative temperature changes in surface and cave air, indicating that 
these are airflow-controlled spikes (Figure 8). 
Diurnal Patterns 
 Beginning in early summer, after surface air temperature becomes consistently warmer 
than cave air, small diurnal peaks and dips in both air and water CO2 begin to occur (regime 1), 
though on a much smaller scale than airflow-controlled peaks and dips. Small peaks begin to 
occur around mid-afternoon nearly instantaneously in both air and water CO2. No correlation is 
observed with airflow velocity proxies (Figures 30 and 31) during regime 1, indicating airflow is 
unlikely a factor. These peaks may occur as microbial decay and soil respiration rates hit a range 
of maximum daily rates (Figure 7), though more study is needed to determine the effects of such 
influences. 
 Particularly interesting is a more exaggerated pattern of diurnal peaks that begins in late 
June and lasts through a short period until mid-July (regime 2). It is during this period that CO2 
reaches its maximum point of the study at over 12,000 ppm (Figure 6).   
 A scatterplot of CO2 concentration in the air versus water shows a strong correlation 
between the two in early summer (Figure 18), at which point the smaller diurnal patterns in both 
the air and water CO2 are observed (regime 1). When plotted in 24-to-48-hour increments with 
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indicated direction of time, correlation between air and water CO2 appear somewhat linear with 
slightly clockwise hysteresis (Figure 19). This indicates little time delay between the two and 
that concentrations may be driven by the same cause.	
 Regime 2 shows more scatter between air and water CO2 (Figure 18), and indicates a 
change in the relationship from regime 1, suggesting the possibility of a newly present dissolved 
CO2 source. A 48-hour plot near the end of regime 1 shows a larger clockwise hysteresis, where 
air CO2 rises and falls before dissolved CO2 (Figure 20). A July 3-4 plot shows a loss of 
relationship during regime 2 (Figure 21), and a July 5-6 plot depicts a reversed trend with a 
counter-clockwise time delay (Figure 22). Figure 23 signifies a return to regime 1, with a 
clockwise hysteresis. This may indicate an additional CO2 source present only during the period 
of regime 2.	
 No storm events occur directly before or during the onset of the regime 2 diurnal patterns 
(Figure 15), and conductivity remains somewhat constant (Figure 17), indicating no relationship 
to dissolved CO2 during the peaks. A major precipitation event does occur mid-July (Figure 15), 
appearing to effectively end regime 2 peaks, suggesting washout of a source. 
 Water level also appears to have little relationship with dissolved CO2 during regime 2 
(Figure 17), indicating no correlation between evapotranspiration and aquifer CO2 during this 
period. 
 Cave air temperatures appear steady during regime 2 (Figure 4). Furthermore, no 
correlation is seen between airflow velocity proxies and CO2 (Figures 28-29), evidence that 
airflow mechanisms are not the driving influence of the dissolved CO2 peaks. 
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 The estimated period of maximum bat activity in War Eagle overlaps the regime 2 
dissolved CO2 peaks (Figure 6) and may provide an explanation for the observed pattern.  
The Possible Influence of Bats on CO2 Dynamics 
 The maternity colony of gray bats (Myotis grisescens) is most active in the cave from late 
spring to late summer. Based on individual visits to the cave and the strength of ammonia smell 
emanating from the cave at each visit, the period of greatest bat activity was estimated to occur 
between the June 26 and July 17 field visits. During this period, dissolved CO2 in the water 
reaches its maximum point in the study, at over 12,000 ppm in mid-July (Figure 6). Interestingly, 
air CO2 does not see a corresponding spike, but remains relatively constant in comparison.  
 Beginning in late June, dissolved CO2 develops a diurnal pattern (regime 2) consisting of 
two spikes and two dips in CO2 (Figures 6 and 17). A small spike occurs shortly after midnight, 
followed by an early-morning dip in CO2. A second, stronger peak in CO2 occurs approximately 
mid-morning, followed later in the day by a stronger dip in CO2. Total peak duration is 
approximately 6 hours (Figures 6 and 17). This pattern only appears for the duration of 
approximately two weeks.	
 This pattern may be explained by the behavioral activity of bats and resulting spikes in 
microbial activity with the breakdown of bat waste in the water. Typical feeding behavior of bats 
occurs with the onset of evening, as the bats leave the cave to forage, returning to the cave later 
in the night (Tuttle, 1975; Kunz, 1980). Microbial activity as fresh bat guano is broken down 
may peak within a few hours following the introduction of fresh guano to the system. Guano 
production will peak in the following 1-2 hours, mirroring digestion rates of the bats following 
 63 
feeding (Anthony and Kunz, 1977; Best et al., 1997). Resultant spikes in CO2 are likely to be 
observed following organic decay of bat guano in the water.  
 A typical pattern of active bat behavior consists of two roosting periods, and two feeding 
periods (Anthony and Kunz, 1977; Kunz, 1980). Daytime roosting periods generally cover a 
period of approximately 18 hours, followed by a first emergence beginning around 10 pm. A 
shorter night-roost may occur slightly before midnight, with a second emergence in the early 
morning period. Return times following this second feeding period generally are sometime in the 
morning between 4am and 8am (Kunz, 1980). 
 If the rate of growth and decay of bacteria after input of organic carbon from guano 
follows an exponential model of population growth (Winsor, 1932; Buchanan et al, 1997), a 
delayed peak in microbial population would be expected, assuming no additional nutrients or 
microbes are added to the system.  
 Thus, CO2 released from microbial respiration and the decay of bat guano would be 
expected to peak following the deposition of guano occurring as bats return from evening and 
morning emergences. This may provide an explanation for the exaggerated diurnal water CO2 
peaks occurring shortly after periods of inferred maximum bat activity.  
The rate of flow of the stream and the distance between the sensor and guano deposits 
may be another important factor in the delay between bat roosting activities and observed spikes 
in microbial-released CO2. If the relative location of guano deposition is within close proximity 
to the CO2 sensors, which may be expected given the observed guano mass slightly upstream of 
the water CO2 logger, exchange between the air and water may not occur on a large enough scale 
before reaching the logger downstream. If this were the case, patterns of decoupling between air 
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and water CO2, perhaps as is observed in Figure 21, would be probable, especially given that 
flow is localized into a pool as it reaches the sensor. 
Estimates of Mass Fluxes of CO2 from the Cave and Approximations of CO2 Introduced by 
Bats 
To examine the plausibility of the influence of bats on dissolved and gaseous CO2 in the 
cave, we estimate the order of magnitude of CO2 introduced nightly by bat respiration and 
microbial decomposition of guano. These numbers are then compared against estimates of CO2 
fluxes in the air and water based on air velocities and CO2 concentrations measured at the site 
(Eqs. 3 and 5). Hock (1951) estimates average oxygen consumption of Myotis lucifugus to be 
2.89 mL O2/g bat/h. Assuming an O2 input equivalent to CO2 output, we can then convert this to 
CO2 output in cm3/h, resulting in an average output of 2.89 cm3 CO2/g bat/h (Lundberg and 
McFarlane, 2009).	
Using an estimated weight of 10 grams per gray bat, a colony of 75,000 gray bats will 
output over 2.17 x 106 cm3/h CO2. This equates to approximately 5.2 x 107 cm3 CO2 produced 
per day through respiration.  
 As shown in Table 4, calculated values of volume CO2 flux out of the cave during the 
active period of the bats are at least an of magnitude greater than calculated CO2 output through 
bat metabolism. This indicates that sources of air CO2 in the cave likely originate elsewhere and 
bat respiration probably has little effect on air CO2 variations within the cave system. This is 
consistent with measured CO2 concentrations through the study, as diurnal variations in air CO2 
are relatively small. Furthermore, as discussed below, comparisons of air CO2 in War Eagle and 
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Blowing Springs Caverns show similar values, with even lower concentrations typical in War 
Eagle (Figures 34 and 35). 
 
 
Table 4: Estimates of Volume CO2 Flux in the Air When Cave is Blowing Out 
   
 
Date air pCO2 (ppm) Wind Velocity (m/s) 
Calculated CO2 Flux 
(cm3/hr) 
05/08/15 2023.70 0.45 2.88 x 107 
06/26/15 3546.38 3.50 3.93 x 108 
07/17/15 3688.48 0.35 4.08 x 107 
08/06/15 3351.60 0.32 3.39 x 107 
08/28/15 3812.20 0.45 5.42 x 107 
09/18/15 3368.75 0.40 4.26 x 107 
Approximate cave cross sectional area: 8.78 m2   
Estimated bat respiration rate: 28.9 cm3/hr 
 Estimated bat respiration rate * 75,000 bats: 2.17 x 106 cm3/hr 
 
 
 In a study of nutrient deposits of the Northern long-eared bat (Myotis septentrionalis) and 
the Indiana bat (Myotis sodalis), Duchamp et al. (2010) find mean nightly per capita guano 
deposits to be roughly 0.012 to 0.015 grams of guano per bat. Anthony and Kunz (1977) find 
similar values in nonreproductive, pregnant, and juvenile little brown bats (Myotis lucifugus), but 
significantly higher rates of guano production in lactating M. lucifugus during a period from late 
June to late July, with mean nightly deposits of approximately 0.032 grams of guano per 
lactating bat.	
Graening and Brown (2003) estimate that 40 percent of the mass of guano is organic 
carbon. Assuming a standard respiration reaction of: 
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C6H12O6 (s) + 6 O2 (g) → 6 CO2 (g) + 6 H2O (l) + heat, 
approximately 1 mole of CO2 is produced through microbial respiration for every mole of 
organic carbon in guano. This likely results in overestimated values of produced CO2 given that 
not all organic carbon in guano is in carbohydrate form, however using this we can calculate a 
rough total yield of CO2 from the decay of guano. Using a range of per capita guano deposits 
from Anthony and Kunz (1997) and Duchamp et al. (2010) and a peak duration of approximately 
6 hours, resultant mass of CO2 produced per hour is approximately 220.0 to 403.3 grams/hour 




Table 5: Estimates of Mass CO2 Flux in the Water 
	
  
Date water pCO2 (ppm) Estimated CO2 flux (g) per hour at Q=11.2 L/s 
11/18/14 505.92 30.5 
12/09/14 556.15 33.6 
02/04/15 633.33 38.2 
02/25/15 617.40 37.3 
03/22/15 676.20 40.8 
04/18/15 3479.00 209.9 
05/08/15 4140.50 249.8 
06/26/15 7938.00 478.9 
07/17/15 7374.50 444.9 
08/06/15 6688.50 403.6 
08/28/15 7595.00 458.3 
09/18/15 6590.50 397.6 
10/09/15 5708.50 344.4 
10/30/15 1029.00 62.1 
11/20/15 759.50 45.8 
Estimated CO2 from 75,000 bats (0.012 g guano/bat) over 6 hours: 220.0 g/h 
Estimated CO2 from 75,000 bats (0.020 g guano/bat) over 6 hours: 403.3 g/h 
Estimated CO2 from 75,000 lactating bats (0.032 g guano/bat) over 6 hours: 586.7 g/h 
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 Calculated values of mass CO2 released from guano decay appear to range the same order 
of magnitude as calculated mass CO2 flux in the water during the 1-2 hour digestive period 
(Table 5). This may indicate that CO2 derived from organic carbon in guano influences CO2 flux 
in the cave, however these calculations are based on a single calculation of cave stream discharge 
at low flow and may not be an accurate representation for the whole record. 
Comparison to Blowing Springs 
 Using Blowing Springs Cavern as a control cave with no colonizing bats, we can 
compare CO2 concentrations in War Eagle and Blowing Springs throughout the active period of 
the bats. Figure 34 shows air and water CO2 concentrations in both caves in late fall to winter. 
During this period, dissolved CO2 in the water is notably lower in War Eagle than in Blowing 
Springs, while air CO2 appears more comparable though also slightly lower. Relative 
concentrations of dissolved CO2 in the summer, however, as demonstrated by Figure 35, are 
opposite, with values of dissolved CO2 in War Eagle exhibiting a two-fold increase in 
comparison to Blowing Springs.  Concentrations of air CO2 in both caves are still somewhat 
similar, with War Eagle values again slightly lower than Blowing Springs. This may be 
indicative of an additional source of dissolved aquifer CO2 existent only in War Eagle through 
the summer period not present in Blowing Springs, though factors such as ventilation and cave 
stream morphology may influence rates of CO2 degassing and lead to lower measured 
concentrations of aquifer CO2. 
 The regime 2 diurnal peaks occurring twice daily from mid-June to mid-July in War 
Eagle during the estimated maximum bat activity do not appear in Blowing Springs (Figure 35). 
Furthermore, given that the estimated mass of CO2 produced from guano deposition is 
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comparable to the flux of CO2 in the cave stream, the addition of CO2 in War Eagle from 
microbial activity in bat guano remains a plausible explanation for the observed differences 




 Airflow direction is the dominant CO2 control through late fall, winter, and early spring. 
Surface air ventilation brings in lower concentrations of CO2, and the upward direction of airflow 
in the cave prevents any influence of CO2 sources in the shallow subsurface. Due to constant 
surface air ventilation through the winter period, CO2 values in both the air and water are an 
order of magnitude lower than concentrations when airflow is reversed. Thus chimney-effect 
airflow patterns are responsible for the greatest-magnitude shifts in annual CO2 concentrations. 
 Through the transitional seasons of spring and fall, diurnal reversals of airflow direction 
occur as surface air temperatures climb during the day but cool at night. This results in varied 
patterns of CO2 that correspond to temperature crossovers in the surface and cave air.  
 The effect of storm events is dependent upon a few factors. Response varies with the 
percolation rate of stormwater through the vadose zone, season, antecedent conditions, and the 
relative amounts of dissolved CO2 in the aquifer and inflowing rainwater.  The relative 
importance of these factors remains unclear and further study including a longer record of 
precipitation is needed to better understand the influence of precipitation over a range of 
conditions. 
 Anthropogenic CO2 has little measurable effect on CO2 in the cave overall in this 
particular study. The effect of anthropogenic CO2 is dependent on airflow direction and the 
relative positions of the tour groups and CO2 sensors. If the cave had an operating season that 
lasted throughout winter, and if tours of comparable size to those seen through spring and fall 
were to visit the cave during wintertime, it is likely that a more-measurable effect on cave air 
CO2 would be observed.  
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 Comparisons of CO2 concentrations between War Eagle and Blowing Springs Caverns 
provide evidence of an additional source of dissolved CO2 in War Eagle during midsummer that 
is not present in Blowing Springs. During this time, dissolved CO2 in War Eagle reaches nearly 
double that in Blowing Springs, though air CO2 in War Eagle remains slightly lower than in 
Blowing Springs. Since the difference in CO2 occurs only in the water and not in the air, this 
indicates that the additional CO2 source in War Eagle likely occurs within the phreatic zone or, 
more likely, the cave stream itself. 
 Sizeable diurnal variations of dissolved CO2 in War Eagle that extend from mid-June to 
mid-July align with the pattern of daily and nightly roostings of the bats. As bat guano 
accumulates during first and second returns from foraging activity, microorganism growth in 
resultant guano-broth where feces fall into the cave stream follow a curve of microbial growth 
and decay, occurring as a delayed spike in microbial respiration following the feces deposition.  
 Given that concentrations of CO2 in the aquifer drive speleogenetic formation through the 
dissolution of limestone, variations in amounts of CO2 in War Eagle Cavern through the 
influence of airflow direction, precipitation, and biologic inputs may drive annual patterns of 
localized dissolution. Low CO2 concentrations influenced by airflow reversals may inhibit 
dissolution on a seasonal scale, while introduction of bat guano on a large-scale may act to 
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